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Nisin is a 34-residue antibacterial peptide that is produced by several strains of Lactococcus lactis and strongly inhibits the growth of a broad range of gram-positive bacteria (24) . Insertion of the peptide into the cytoplasmic membrane of the target cell renders the membrane permeable to monovalent cations (18) and dissipates the proton motive force of the cell (18, 37) . The mature peptide displays several unusual features, such as the dehydrated residues dehydroalanine and dehydrobutyrine, which are derived from Ser and Thr residues, respectively (22, 24) , and lanthionine and P-methyllanthionine residues, which form five intramolecular thioether bridges. Molecular structures similar to those in mature nisin are found in several other antibacterial peptides secreted, e.g., by Bacillus subtilis (subtilin) (21) or Staphylococcus epidermidis (epidermin and Pep5) (2, 42) , together forming the group of the lantibiotics (47; for a review, see reference 25) .
Recently, it was reported that two widely distributed natural variants of nisin exist, named nisin A and nisin Z, which differ in a single amino acid residue (11, 36) . The structural genes for both nisin A, nisA, and nisin Z, nisZ, have been cloned and sequenced elsewhere (5, 14, 26, 36) .
These studies showed that both nisin variants are ribosomally synthesized as 57-amino-acid precursor peptides which are subjected to various modifications, including cleavage of the 23- Although nisin has been known for its antibacterial activity since the early half of this century (34) , its primary and tertiary structure were resolved only much later (22, 58) . Many questions still remain about the enzymatic steps that are required for nisin maturation and secretion in L. lactis. One way to study the biosynthetic pathway for nisin production is to analyze the genes involved in this process. It has been shown that the production of nisin, immunity to nisin, and other properties such as the fermentation of sucrose, are encoded on 70-kb conjugative transposons in L. lactis (23, 39 ; for a review, see reference 38) . Some of the genes downstream of nisA in L. lactis ATCC11454 and 6F3 have recently been reported, including nisB, nisT (15, 52) , and nisC (15) . It is assumed that NisB is a membrane-located protein involved in the maturation of nisin, since it is similar to proteins encoded by genes involved in the biosynthesis of epidermin (4, 46) and subtilin (6, 28) . NisT has features of an ABC-type translocator protein and also has counterparts in the operons of the other lantibiotics (15, 30) . The function of nisC is unknown at the moment, but the deduced gene product also shows similarities with those found in other lantibiotics (15, 30) . We have characterized TnS276 from L. lactis NIZO R5 (39, 40) and found that its nisA gene is followed by the nisB, nisT, nisC, and nisI genes, constituting approximately 7 kb (30). The nisI gene seems to be unique for the nis operon and could code for a lipoprotein that is involved in nisin immunity (30) .
RNA studies suggested that the nisA gene is part of a larger polycistronic operon (5, 52) . We (17, 36, 39) and the plasmid-free strain MG1363 (19) and its streptomycin-and rifampin-resistant derivative MG1614 (20) . L. lactis NZ9800 is a derivative of L. lactis MG1614 transconjugant NZ9700 (which is an independent transconjugant identical to T165.1 and T165.5 [39] , described previously) carrying Tn5276, in which the nisA gene has been exchanged by replacement recombination with a modified nisA gene which contains a 4-bp deletion in the pronisin-encoding part (30). The resulting strain, L. Iactis NZ9800, is no longer able to produce nisin A (30). Plasmid and bacteriophage vectors used in the cloning experiments were lambda EMBL3 (43), pUC19, M13mpl8 (65) , pET8c for E. coli (41) , and pIL253 for L. Iactis (51) .
E. coli strains were grown in L broth (43) Fig. 1A and B). For construction of plasmids in L. lactis, two other subclones were generated; pNZ9102, which contains the 11.0-kb KjnI fragment of pNZ9100 in pUC19; and pNZ9107, which contains the 3.0-kb PstI fragment of pNZ9100 in pUC19 (see Fig. 1A GenBank accession number. The nucleotide sequence presented here has been deposited with GenBank under accession number L11061.
RESULTS
Cloning of the nisin biosynthesis gene cluster. The conjugative sucrose-nisin transposon Tn5276 can be transferred into L. lactis strains such as MG1614 (19, 20) , and transconjugants subsequently produce nisin and show immunity to nisin (39) . Previous studies had shown that pNZ9000, which contains a 9.2-kb PstI fragment of Tn5276 including the nisA, nisB, nisT, nisC, and nisI genes (Fig. 1A) , could be transformed into L. lactis MG1614 but did not induce nisin production or confer full immunity to nisin (32) . Therefore, we attempted to clone larger TnS276 fragments that would allow a full complementation of nisin production and immunity. From a genomic library of L. lactis NIZO R5 DNA, which was produced in E. coli with lambda EMBL3 (39), recombinant phages were isolated by using hybridization with a nisA gene probe. One such recombinant phage, designated EMBL3-nis, carried an insert DNA with an approximate size of 14 kb and was found to contain more than 10 kb of DNA downstream of the nisA gene (Fig. 1A ).
The L. lactis insert DNA of EMBL3-nis containing the nis genes was subcloned in the plasmid vector pIL253 (51) suited for transformation of various gram-positive bacteria, resulting in pNZ9112 (Fig. 1A) . Interestingly, we observed that L. lactis MG1614, harboring pNZ9112, secreted large amounts of a 6-kDa peptide (Fig. 2) . Similar results were found with MG1614, harboring pNZ9114, which lacks a SalI-PstI fragment downstream from the nis genes (Fig. 1A ).
In contrast, MG1614, harboring pIL253 derivatives with smaller inserts such as pNZ9000 or pNZ9110 (Fig. 1A) (Fig. 4A) . Expression of nisP could not be observed on Coomassie brilliant blue-stained gels. Therefore, plasmid-encoded proteins were selectively labeled with L-[35S]methionine in a reduced background by induction of E. coli JM1O9(DE3)(pNZ9125) in the presence of rifampin (Fig. 4B) . Upon induction, gel electrophoresis, and autoradiography, a protein band with an apparent size of approximately 54 kDa became visible; this was absent from the control strains E. coli JM1O9(DE3) harboring plasmids pET8c or pNZ9125. The observed size of 54 kDa for NisP in E. coli is significantly smaller than the predicted size of 75 kDa but is in good agreement with the proposed processing and removal of a pre-pro sequence of 195 to 220 residues (corresponding to approximately 21 to 24 kDa) (see below).
The nisP gene product is a serine protease. The deduced amino acid sequence of NisP shows similarity to sequences of subtilisin-like serine proteases (50), which include not only the well-known enzymes subtilisin and thermitase, but also the cell envelope proteinase from L. lactis (29, 61) and the putative epidermin leader peptidase EpiP from S. epidermidis (46) (Fig. 5) . The amino acid sequence of NisP shows the conserved sequences (residues 253 to 269, 306 to 316, and 510 to 528) around the three active-site residues Asp, His, and Ser and around the oxyanion hole residue Asn (residues 397 to 409) which are characteristic of this family (50) ; in NisP, these catalytic residues are predicted to be Asp-259, His-306, Ser-512, and Asn-407, respectively.
The total amino acid sequence of NisP (Fig. 3) is considerably longer than those of the other aligned serine proteases given in Fig. 5 . By analogy with these proteases, the catalytic domain of NisP extends from about residues 220 to 570, and it is flanked by an N-terminal pre-pro sequence of about 220 residues and a C-terminal extension of about 110 residues (Fig. 5) . The most N-terminal residues have the characteristics of a prokaryotic secretory signal sequence (59, 60) , and a potential signal peptidase cleavage site is predicted between residues Gly-22 and Glu-23. Furthermore, the last 30 C-terminal residues have the characteristics of a consensus membrane anchor sequence as found in gram-positive bacteria (16) . Together, these features suggest that the nisP primary translation product is processed to a mature, active form of the protease which, after translocation, remains anchored in the cell membrane, as is also the case for the L. lactis cell envelope proteinase (10) . The proposed catalytic domain of NisP shows the greatest similarity in sequence and length to the corresponding segment of EpiP (42% identity and 60% similarity in 350 residues [Fig. 5] ). In contrast, the N-terminal pre-pro sequences of NisP and EpiP differ considerably in size (220 versus 110 residues) and are not significantly similar, while the C-terminal extension found in NisP is completely absent in EpiP.
The nisR gene product shows similarity to the regulatory proteins of two-component regulatory systems. The deduced amino acid sequence of the nisR gene product shows similarity to the family of transcriptional regulatory proteins of two-component regulatory systems (1, 53) (Fig. 6 ). The similarity is highest (44% identity and 70% similarity in 229 residues) with the putative response regulator SpaR of the subtilin operon (27) , and there is also a high degree of similarity (32 to 33% identity and 55 to 61% similarity in 229 residues) to the response regulators PhoP from B. subtilis (48) and OmpR from E. coli (7) , which are all of sizes (220 to 241 residues) similar to that of NisR, and to PhoB from Pseudomonas aeruginosa (3) . The N-terminal sequence of about 110 residues shows the highest degree of amino acid identity with other regulatory components of sensory transduction systems (1, 53) . The active-site residues are conserved in all members of the family, and, by sequence identity, in NisR are predicted to be Asp-10, Asp-53 (a phosphorylation site), and Lys-102.
L. lactis cells carrying nisR and the nis biosynthesis genes
produce and secrete a precursor nisin peptide. Plasmids with an insert containing an intact nis region (nisA to nisR), such as pNZ9112 or pNZ9114 (Fig. 1A) , resulted in the production and secretion of a small peptide after introduction into MG1614 (Fig. 2) . The size of the secreted peptide was approximately 6 kDa, which is about the size expected for a precursor peptide of 57 amino acids. No such peptide was found in supernatants of MG1614 harboring either pNZ9000 or pNZ9110. However, when the orientation of nisR was inverted and nisP was interrupted (such as in plasmid pNZ9111), a peptide with a similar size was secreted by the lactococcal cells (Fig. 2) . This indicated that the presence of nisR is required for synthesis of the 6-kDa peptide, whereas nisP is not. N-terminal sequencing of the HPLC-purified 6-kDa peptide of L. lactis MG1614 harboring pNZ9111 showed the presence of the amino acid residues predicted from the primary sequence, except for the initial methionine. The sequence determined was STKDFNLDLVSVSKKDS GASPR. The peptide sequencing stopped as expected at residue 24, which in mature nisin is dehydrobutyrine at position 2. Preliminary 'H-nuclear magnetic resonance analysis of the 6-kDa peptide indicated the presence of one dehydroalanine and two dehydrobutyrine residues, as well as lanthionine and P-methyllanthionine residues, in addition to the unmodified leader peptide. This was further confirmed by the reaction of the 6-kDa peptide with antiserum raised 100 start nisP ATTTTAGTAATATTGGAGCGGATGCAATTTATGCTCCTGCTGGCACAACGGCCAATTTT'rAAAAAATATGGGCAAGATAAATTTGTCAGTCAGGGTTATTA 
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GATATTATAAACGGCCTAGGTATCGGTGGGGATGACTATATTACTAAGCCTTTTAGCCTTAAACAGT ¶GTTGCAAAGTGGAAGCAAATATAAAGCGAG 2500 against mature nisin A or against synthetic leader peptide (data not shown). These results indicate that the 6-kDa peptide is precursor nisin with the leader sequence still attached to the 34 residues of mature nisin (Fig. 7) . The presence of the nisP gene did not lead to cleavage of precursor nisin in these studies.
Activity of the nisP gene product. Since the activity of the nisP gene product did not become apparent from our expression studies in L. lactis strains, we tried to determine its activity in vitro in cell extracts from induced E. coli strains carrying the nisP gene. Incubation of extracts of induced cells of E. coli JM1O9(DE3) harboring pNZ9125 with the 6-kDa purified precursor nisin peptide increased the antimicrobial activity of this peptide in a bioassay with Micrococcus flavus approximately 50-fold compared with the control (Table 1) . Increased bioactivity is presumably due to cleavage of the leader peptide. The cleavage activity was also detected when precursor peptide was incubated with cells of L. lactis NZ9800, which contains a complete copy of TnS276 but does not produce nisin A because of a site-directed mutation in the nisA gene. Whole cells of L. lactis NZ9800, but not the supernatant or a membrane-free extract, were able to generate nisin that was at least 50 times more active than precursor nisin as determined by bioassay ( Table 1) . The activation also occurred by incubation of the precursor peptide with trypsin, which is known to cleave on the C-terminal side of arginyl and lysyl residues, suggesting that cleavage indeed occurred between Arg at position -1 and Ile at position 1 (Table 1; Fig. 7) . It is also known that nisin itself is very resistant to high concentrations of trypsin, probably because of the location of the internal lysyl residues, just in front of lanthionine bridges, which probably makes them inaccessible to trypsin (data not shown). Analysis of the incubation mixtures on RP-HPLC confirmed that the precursor peptide was cleaved during incubation to give rise to a nisin A peak (Fig. 8) . These results show that the precursor peptide can be cleaved to form active nisin A by a factor located on the outside of the lactococcal cells. This factor is probably NisP.
DISCUSSION
This study describes the cloning of TnS276 DNA fragments that confer to the non-nisin producing L. lactis strain MG1614 the ability to produce and secrete precursor nisin, the last intermediate in the production of nisin. We have identified two novel genes of the nis operon in these fragments, nisP and nisR. Deletion studies showed that the nisR gene is essential for the production of precursor nisin. The deduced amino acid sequence of NisR shows significant similarity to those of the regulatory proteins of two-component systems. Recently, the cloning of the complete epidermin biosynthetic operon and the complementation of a nonproducing strain of Staphylococcus carnosus were reported elsewhere (4, 46) . No significant similarity (<20% identity in 152 residues) was observed between NisR and the epiQ gene product, which was proposed to be the regulator for the expression of the epidermin operon (46) . The involvement of a potential regulatory protein in the nisin biosynthetic pathway suggests that the biosynthesis of nisin in L. lactis is regulated. There are some reports of various levels of nisin in the medium of producer strains, depending on the amount and type of carbon sources on which strains are grown (13) . It was proposed that nisin production is regulated by a metabolic control system linked to the ability to ferment sucrose (13) . The analyzed TnS276 fragments did not contain any gene encoding a protein homologous to the sensor kinase proteins of two-component systems. Recently, the cloning and characterization of two regulatory genes, spaR and spaK, of the subtilin biosynthetic gene cluster were reported (27) . It was shown that subtilin biosynthesis is under control of a histidine kinase/response regulator system. In the nis operon, no gene analogous to spaK was found, but we did detect significant similarity between the sequences of nisR and spaR (Fig. 6) . A sensor component has not yet been identified for all two-component regulatory systems that have been investigated (for a review, see reference 63). Moreover, NisR might be phosphorylated by a chromosomally encoded sensor protein kinase in L. lactis or by the protein kinase of the sucrose phosphotransferase uptake system encoded by Tn5276 (56) . Another explanation for the functionality of NisR could be that the high level of expression of nisR, because it is located on a multicopy plasmid, promotes nisin expression in the absence of a kinase gene. This phenomenon has been reported in the case of iep and degU genes, in which hyperexpression of the regulator increases the expression level of the target genes (55) .
The second gene which was identified in this region of TnS276 was designated nisP. The putative NisP polypeptide belongs to the family of subtilisin-like serine proteases, the subtilases (50 In the epidermin operon, a gene was found, epiP (4), which encodes a protein with homology to NisP and to other subtilases (50) (Fig. 5) does not contain such an anchor sequence, suggesting that the location of this protease may be different in S. epidermidis.
The 6-kDa peptide produced and secreted by L. lactis MG1614 carrying pNZ9111, pNZ9112, or pNZ9114 is probably the final intermediate peptide in biosynthesis of nisin. Immunological studies, N-terminal amino acid sequence data, and preliminary 'H-nuclear magnetic resonance analysis revealed that this precursor peptide very likely contains a 34-residue mature nisin part in which all of the modifications (i.e., lanthionine bridges and dehydrations) have been completed, but from which the (unmodified) leader sequence has not been cleaved (Fig. 7) .
The findings described in the present paper shed new light on both the sequence and the location of events that result in the formation of fully mature nisin. First, the results show that precursor nisin (Fig. 7) is devoid of antibacterial activity. Second, it is demonstrated that the leader peptide of nisin is not modified. Third, there is strong evidence for the fact that proteolytic processing of a fully modified precursor peptide is the last step in nisin biosynthesis. A similar sequence of events for the lantibiotic epidermin has been proposed elsewhere (47) . Fourth, this proteolytic activation takes place outside the lactococcal cells. Fifth, secretion of the intermediate precursor nisin is independent of cleavage of the leader peptide and apparently occurs in strains in which the NisP protease is not active. The cloning of the TnS276 fragment reported here and its complementation of non-nisin producing L. lactis strains offer the possibility of studying further the function of the other nis biosynthesis genes, by making specific interruptions in those genes and analyzing the production of mature nisin or of precursor peptides both intracellularly and extracellularly.
